Abstract The Silurian Period witnessed one of the most profound intervals of reef development in the history of the Earth, formed in large part by tabulate and rugose corals and stromatoporoid assemblages. One of the best-known examples of Silurian reefs (bioherms) is those exposed on the Baltic island of Gotland (Sweden). The stratigraphic sequence below these bioherms is represented by the Visby Beds (Lower Wenlock, ca. 430 Ma) that record in their lower sections (Lower Visby Beds) environments near the lower limit of the euphotic zone. Here, we describe platy tabulate coral assemblages from the uppermost Lower Visby Beds that represent a mesophotic coral ecosystem (MCE) potentially spread over 40 km. This MCE is dominated by platy tabulate corals, with accessory branching tabulates and solitary and phaceloid rugose corals. Algae are absent, likely as a result of taphonomic bias. It is possible that other MCEs of similar age are recorded on other Silurian tropical shelves: Anticosti Island (Laurentia, present Arctic Canada) and Hiiumaa (Baltica, present Estonia), in particular, may possess candidate early Silurian MCE assemblages. At a minimum, however, tabulate corals acquired photosymbionts during the early Silurian (Wenlock), which resulted in the development of both MCEs and shallow-water reef systems and contributed to the great expansion of the mid-Palaeozoic reef complexes.
Introduction
Mesophotic coral ecosystems (MCEs) are communities dominated by zooxanthellate scleractinian corals that develop between 30 and 150 m depth (Lesser et al. 2009; Kahng et al. 2010) . In general, it appears these ecosystems are more widespread geographically than their shallowwater counterparts (Bare et al. 2010) . One of the most distinctive features of MCEs is the dominance of zooxanthellate corals that form platy colonies (Baker et al. 2016 ). Platy growth is broadly considered to be a photoadaptive morphological attribute (e.g. Graus and Macintyre 1976; Anthony and Hoegh-Guldberg 2003; Kahng et al. 2012 Kahng et al. , 2014 ) and generally does not occur in azooxanthellate species (Fricke and Meischner 1985) . On the basis of flat colony morphology, numerous workers (e.g. Rosen et al. 2002; Martindale et al. 2012; Novak et al. 2013; Kołodziej et al. 2018) have demonstrated the presence of photosymbiosis in Mesozoic and Cenozoic scleractinians. MCEs dominated by platy forms have also been recognized in the Devonian, but these reefs were composed of tabulate and rugose corals, the Palaeozoic ecological predecessors of reef-building scleractinians (Zapalski et al. 2017a; Zatoń et al. 2018; Jakubowicz et al. in press) .
The mid-Palaeozoic (Silurian and Devonian) was an interval of significant reef expansion (Copper 1994 (Copper , 2002 Wood 1999; Flodén et al. 2001) . Great barrier reef systems covered a substantially greater percentage of seafloor than the reefs of the Recent (Copper 2002) , and large reefs are known to have developed at high latitudes (Kaufmann 2003; Jakubowicz et al. in press ). This extensive reef Faculty of Geology, University of Warsaw, _ Zwirki i Wigury 93, 02-089 Warsaw, Poland development could possibly be the result of the acquisition of photosymbionts-at the latest, by the mid-Silurian, and potentially as early as the late Ordovician (Zapalski 2014) . Indeed, a potential Ordovician origin of coral-algae symbiosis would coincide with the Great Ordovician Biodiversification Event (Servais and Harper 2018) . These great mid-Palaeozoic reef systems vanished in the Late Devonian (Late Frasnian, ca. 377 Ma), possibly due to the global rise of temperatures above 32°C in tropical surface waters and a consequent bleaching-like event recorded by significant changes in coral colony architecture, followed by a sharp cooling event (Zapalski et al. 2017b) . If photosymbiosis was responsible for the intense mid-Palaeozoic development of reefs, and MCEs were found in the Devonian, it is reasonable to suggest that MCEs first appeared shortly after the acquisition of photosymbionts. In this framework, then, the oldest MCEs should therefore be of similar age to the large Silurian reefal structures. (Here, the term ''reef'' is used in the broadest possible meaning, e.g. Wood 1999.) During the Silurian, the Baltic Basin-on the palaeocontinent of Laurussia, Baltica subcontinent (currently, NE Europe)-was located at low latitudes (Calner et al. 2004a, Torsvik and Cocks 2013; Fig. 1a) , resulting in the extensive development of reefs on its shelfs. These widespread reefs extended from Gotland (Sweden) through Estonia to Podolia (Ukraine) along the Baltica shelf (Łuczyński et al. 2009; Tuuling & Flodén 2013) . In particular, Gotland is among the best-documented examples of the middle Silurian reefal environments, with a substantial component formed of tabulate corals mostly developed as prominent bioherms (Manten 1971) . Since the geological sequence exposed on its shores (Fig. 1b, c ) also records deeper facies below the main reefal complexes, Gotland represents an ideal locality to test the existence of Silurian MCEs.
Materials and methods

Geological setting
The Silurian strata exposed on Gotland range from the latest Telychian to the Ludfordian (Calner et al. 2004a) ; widespread bioherms are known (Manten 1971) . The oldest beds exposed on the island are the Lower Visby Beds (Lower Wenlock, Sheinwoodian, Lower Ps. bicornis to Lower P. procerus Zones; Fig. 2 ), consisting of alternating limestone-marl beds with scattered halysitid biostromes (Stel 1978; Nield 1982; Berkowski and Zapalski 2018) and solitary button-shaped rugose corals Palaeocyclus porpita in the uppermost parts of the Lower Visby Beds. This taxon is indicative of the Lower Visby Beds and ranges to the top of this unit (Calner et al. 2004a ). The Lower Visby Beds were deposited in relatively deep environments, most likely below the photic zone (Samtleben et al. 1996; Calner et al. 2004a) , with abundant bioturbations under well-oxygenated conditions (Samtleben et al. 1996) . The border between the Lower and Upper Visby Beds is marked by the presence of the large rugose coral Phaulactis, an excellent ecostratigraphic marker that allows for robust correlations between sections (Samtleben et al. 1996) . Overlying Upper Visby Beds (Upper P. procerus to Lower K. ranuliformis Zones) are less regularly bedded, with increased limestone to marl ratios, and detrital beds in the upper part (Calner et al. 2004a ). These beds were formed in a somewhat shallower setting (as evidenced by the presence of erosional surfaces, ripple marks and algae), likely within the photic zone (Calner et al. 2004a) ; fossil algae suggest the deposition depth of this unit was less than 100 m (Riding 1979) . The Upper Visby Beds represent distal shelf environments, with tabulate corals, solitary rugose corals, trilobites, brachiopods and bryozoans. The overlying strata (Högklint Formation) represent shallow-water environments and contain numerous coral-stromatoporoid reefs (Manten 1971; Calner et al. 2004a) .
The uppermost strata of the Lower Visby Beds (ca. 2-3 m below the Phaulactis layer) were studied in two sections (Fig. 1c) . The first is located on the shore between Ygne and Högklint ( Fig. 3a) Calner et al. (2004b) ). The second is Ireviken (Fig. 3b) , located on the shore near 57°50 0 40.632 00 N, 18°34 0 1.379 00 E; this site corresponds to the Ireviken 2 locality of Calner et al. (2004b;  see also Berkowski and Zapalski 2018) . In each of these sites, the beds with platy corals are exposed on distance up to 500 m along the coast. The distance between the two sites is approx. 41 km, and this distance faithfully reflects the palaeodistance in the Silurian. The taxonomy of tabulate corals from the Gotland Silurian was first studied by Stasińska (1967) ; the most current list of tabulate taxa from the Visby Beds is that of Mõtus (2005) .
Material
Since the Gotland shoreline is protected under the Nature 2000 legislation and the use of hammers in these sites is strictly prohibited, we collected weathered specimens from the cliff scree and only made observations in the exposed beds. Approximately 100 tabulate specimens were collected from both sites. These were cleaned with a brush and then soaked in 30% hydrogen peroxide to remove clay particles. Thin sections of selected colonies (38) were prepared. The specimens illustrated in this study were coated with ammonium chloride and photographed with a Canon EOS 70D camera with a 100-mm macro lens. This collection is housed at the Museum of the Faculty of Geology, University of Warsaw.
Results
As the depositional setting is very similar in both sites, we present below an integrated description. If a phenomenon only occurs at one site, we explicitly denote it. The tabulate corals in the Upper Visby Beds are scattered in the sediment; in general, they do not form a skeletal framework. The upper parts of Lower Visby Beds contain halysitid biostromes, in which these tabulates form large, cateniform colonies. In the uppermost 2-3 m of the Upper Visby Beds, halysitids become very rare to absent and are replaced by heliolitids, favositids and alveolitids that form platy colonies (Fig. 4a, b) . Our field estimations in both localities show that at least 70-80% of tabulate colonies (with the exception of halysitids) observed in situ in the uppermost Lower Visby Beds and lowermost Upper Visby Beds have width-to-height ratios ranging from 4:1 to * 15:1, with the largest colonies exceeding 30 cm in diameter. Their upper surfaces are either uniformly flat (with thickenings in places of intensive growth) or have platy rejuvenations, but in general the total colony thickness rarely exceeds 2-3 cm. All of the tabulate corals in the uppermost Lower Visby Beds are in growth positions, and we did not encounter any overturned or inclined colonies. In both sites, the tabulate colonies form sometimes-small associations (''micro patch reefs''), which generally ranged 50 cm to 1 m in diameter. Solitary rugose corals, encrusting bryozoans, crinoid columnals and sporadic brachiopods are found in association, along with reported (Fig. 4c, d ). The entire patch is about 25 cm high and about 40 cm wide. The tabulate colonies collected from debris in the nearest vicinity of this patch have width-to-height ratios of approximately 6-10:1 (Figs. 5, 6 ). Some platy tabulate specimens are encrusted by epibionts on both their upper and lower surfaces: bryozoans and brachiopods generally constitute the most abundant epibionts (Figs. 5, b, d, g, i, 6b, c) . Platy colonies in both Ireviken and Ygne-Högklint are most commonly formed by representatives of the genera Heliolites, Plasmopora, Favosites, Mesofavosites, Subalveolites and Planalveolites. We have also found some rare branching forms representing the genera Cladopora and (?) Alveolitella.
The rugose corals of the Lower Visby Beds are mostly represented by relatively large solitary dissepimented Johannessen 1993 Johannessen , 1995a 
Discussion Photosymbiosis and the function of platy morphology
There are two possible functions of platy colony morphologies: stabilization in soft sediment and photoadaptive growth (Insalaco 1996 Stel 1978, fig. 14; Nield 1982) , such a hard substratum was available, yet the former still formed platy colonies; this suggests that photophilic growth, rather than adaptation to soft substrate, was the driving factor behind platy morphology development. Moreover, numerous platy colonies also display epibionts on their lower surfaces (Figs. 5b, d , g, i, 6b, c), which could be possible in two circumstances: (i) when colonies formed an overhang, thus fostering cryptic communities, or (ii) in the case when colonies were overturned by currents or wave action. The former seems to be more probable, as the Lower Visby Beds are considered to record a deep environment at the lower limit of the euphotic zone (Samtleben et al. 1996; Calner et al. 2004a )-depths at which wave action is nearly non-existent. The sedimentation rates were possibly low, as in the case of high sedimentation rates cryptic encrusters would not be able to survive on these lower surfaces. In their study on Triassic mesophotic ecosystems, Kołodziej et al. (2018) suggested that encrusting epibionts on the undersides of colonies might be used as an argument for slow sedimentation rates. Another argument against high sedimentation rates is that in several cases the corallites at the edge of a platy colony are bent downwards, or-in extreme cases-the edge of the entire colony wrapped with downward-facing inferred polyps. This would not be possible in the case of a flat colony lying on a muddy substrate. Consequently, adaptation to soft substratum as the dominant factor driving platy morphology can be readily excluded. Platy morphology is generally regarded as providing indirect evidence for photoadaptive growth and is a wellknown adaptation of photosymbiotic corals to environments with depleted light (e.g. Macintyre 1976, 1982; Rosen et al. 2002; Anthony and HoeghGuldberg 2003; Kahng et al. 2010 Kahng et al. , 2012 Kahng et al. , 2014 . This type of morphology generally does not occur in azooxanthellates (Fricke and Meischner 1985) , and if platy forms occur in azooxanthellates (such as Leptoseris troglodyta), they rarely exceed 1 cm of maximal colony diameter (Hoeksema 2012); therefore, platy morphology can be treated as a robust indicator for photosymbiosis (e.g. Rosen et al. 2002; Martindale et al. 2012; Zapalski et al. 2017a; Kołodziej et al. 2018) . Most tabulate corals from Lower Visby Beds are characterized by moderate to high colony integration and small corallite diameters, both parameters also characteristic of photosymbiotic corals (Coates and Jackson 1987 ; see discussion by Zapalski et al. 2017a, b) , which serves as further support for their photosymbiotic nature. This coincides with the onset of photosymbiosis in tabulate corals during the Sheinwoodian, which was postulated by Zapalski (2014) on the basis of stable isotope signatures (but see the contrary view by Jakubowicz et al. (2015) on the basis of rugose coral analysis). The morphological evidence provided here (platy morphology, small corallites, moderate colony integration), however, advocates for photosymbiotic relationship within tabulate species (see Zapalski et al. 2017a) .
The morphology of tabulate corals in the overlying Upper Visby Beds and Högklint Formation is more variable, with more frequent massive and irregular colonies and a visible decrease in the abundance of platy morphologies. As the overlying beds represent a shallowing trend, it seems that the Silurian distribution of coral morphologies along depth gradients is similar to that known from the Devonian (Zapalski et al. 2017a) , and from the Recent: massive forms generally predominate in shallow waters, while platy forms tend to appear in deeper settings (Hallock and Schlager 1986; Riegl and Piller 1997; Hallock 2005) .
MCEs in the Palaeozoic
Palaeozoic MCEs dominated by photosymbiotic tabulate corals were described from the Middle Devonian of the Holy Cross Mountains, Poland (Zapalski et al. 2017a , Zatoń et al. 2018 and noted in the Middle Devonian of Anti-Atlas, Morocco (Jakubowicz et al. in press) . The MCEs documented herein from Gotland are about 40 Ma older, thus rendering them the oldest MCEs observed to date. The similarities between the Silurian and Devonian MCEs include the dominance of platy corals (but with somewhat different taxonomic composition, mostly on a generic level with the notable absence of platy heliolitids in the Devonian) and the relatively common appearance of brachiopod and crinoid fauna; their differences include the lack of frondescent forms in the Silurian which are common in Devonian MCEs (such as representatives of the genus Platyaxum) and a smaller contribution from branching tabulates in the Gotland localities.
Algae are quite common in recent MCEs. While algal fossils appear sporadically in the Upper Visby Beds, in the case of the Lower Visby Beds they are probably absent (Riding 1979) . This may be a taphonomic bias, as aragonitic fossils are usually not preserved in these marly beds (Munnecke et al. 1999) ; furthermore, algae, if present, may have been primarily non-mineralized. It is worth noting that Devonian MCEs (Zapalski et al. 2017a) were also devoid of algae. If this absence is primary, this would render Palaeozoic MCEs different from these known from modern seas, but it must be emphasized that this may be a result of taphonomic bias.
The platy corals at both Ireviken and Ygne-Högklint do not form skeletal frameworks; the typical reef skeletal framework is visible only in places where large halysitid colonies are overgrown. In most places, colonies are scattered, and within a single bed spaced apart in an irregular manner (see Stel 1978: his fig. 8 ). This sort of coral dispersion is characteristic for MCEs in the recent seas, where the living coral cover is greatly variable: in the Bahamas, the coral cover in the mesophotic zone can vary from 3 to 23% (Liddell et al. 1997) , and in the Enewetak Atoll (Marshall Island), as little as 1% at 90 m depth (Colin et al. 1986 ). In general, the coral cover in mesophotic environments is low (e.g. Lesser et al. 2009; Kahng et al. 2010) , which constitutes a clear parallelism between our Silurian and Recent MCEs.
Recent MCEs may cover considerable surfaces of the seafloor (Bare et al. 2010) . The distance between the discussed two sites is about 41 km, which is faithful to the presumed Silurian palaeodistance. Assuming that the Lover Visby beds are laterally continuous and they contain platy corals throughout their whole extent, we estimate that this MCE was at least 40 km long. Such a large extent of mesophotic ecosystems is similar to the expanse of modern MCEs, such as these of Samoa (Bare et al. 2010) or Hawaii .
We have shown that the platy coral assemblages of the uppermost Lower Visby Beds were MCEs. It seems that such environments were more common in the tropical seas of the Silurian. In the extensive Silurian reefs of Anticosti Island in Canada (Laurentian section of Laurussia shelf), large parts of the reef were dominated by platy tabulate corals. The pioneering communities of these reefs were composed of halysitids, later overgrown by platy and laminar tabulates and stromatoporoid sponges (Brunton and Copper 1994 ). This situation is very similar to that observed in the Lower Visby Beds. In Anticosti, tabulates such as Alveolites, Favosites and ''Coenites'' (it is likely that these are probably Platyaxum or Roseoporella) formed colonies 2-5 cm high and 20-80 cm in diameter (Brunton and Copper 1994) . Although their environments were interpreted as shallow (Brunton and Copper 1994) it may be possible that this candidate MCE developed in shallower environments, due to elevated turbidity levels.
Another possible MCE is the early Silurian (Rhuddanian) Hilliste Fm. on the Estonian island of Hiiumaa, which records shallowing-upward environments between stormand normal wave-base (Matt et al. unpublished) . Argillaceous beds at the base of the formation contain corals, brachiopods and stromatoporoids. During fieldwork in the Hilliste quarry (August 2014), we noticed numerous platy coralla of favositids in the lowermost exposed beds of the formation. It has been demonstrated that the base of this formation likely represents environments between stormand normal wave-base (Matt et al. unpublished) , fitting in well with the characteristics of a possible mesophotic environment. Consequently, we can infer that these rocks may also record a MCE, but this site requires further study.
The earliest MCEs (Sheinwoodian of Gotland, * 430 Ma, possibly also Rhuddanian, * 440 Ma, of Hiiumaa) are largely synchronous with the onset of the development of the great middle Palaeozoic reefs. From the Early Silurian onwards, photosymbiotic tabulates contributed significantly to MCEs, which indicates the onset of photosymbiosis in these taxa. This is sharp contrast to rugose corals, which are mostly represented by solitary and/or phaceloid taxa in these environments and therefore seem to be aposymbiotic. Overall, it seems that the development of Early Palaeozoic tabulate corals is quite similar to that of scleractinians in the Triassic. The acquisition of algal photosymbionts allowed photosymbiotic corals to colonize the seafloor in lower parts of the euphotic zone as early as the Silurian, suggesting that the growth of the prominent Siluro-Devonian reefs was likely driven by the onset of photosymbiosis.
